Traditional lubricants are undesirable in harsh aerospace environments and certain automotive applications. Ultrasonic vibrations can be used to reduce and modulate the effective friction coefficient between two sliding surfaces. This paper investigates the relationship between friction force reduction and wear reduction in ultrasonically lubricated surfaces. A pin-on-disc tribometer is modified through the addition of a piezoelectric transducer which vibrates the pin at 22 kHz in the direction perpendicular to the rotating disc surface. Friction and wear metrics including volume loss, surface roughness, friction forces and apparent stick-slip effects are measured without and with ultrasonic vibrations at three different sliding velocities. SEM imaging and 3D profilometry are used to characterize the wear surfaces and guide model development. Over the range of speeds considered, ultrasonic vibrations reduce the effective friction force up to 62% along with a wear reduction of up to 49%. A simple cube model previously developed to quantify friction force reduction is implemented which describes wear reduction within 15% of the experimental data.
Introduction
Friction exists when two contacting surfaces slide relative to each other. Material near the surfaces undergo plastic deformation and break away from the body of the material, resulting in surface wear [1] . It has been shown that application of ultrasonic vibrations at the interface of two surfaces in sliding contact reduces the effective friction force between the surfaces [5] [6] [7] [8] [9] [10] [11] [12] [13] . This phenomenon, often referred to as ultrasonic lubrication, is promising in applications in which traditional lubrication methods are unfeasible (e.g., vehicle seats, space mechanisms) or where friction modulation is desirable (e.g., automotive steering or suspension components).
Ultrasonic vibrations have been successfully implemented in practical applications. Piezoelectric materials, the transducer elements that typically drive ultrasonic lubrication systems have been incorporated into small control actuators [2] , self-levitating sliding contact bearings [3] , and industrial components, among others. In metal machining and forming processes such as drilling, pressing, sheet rolling, and wire drawing, ultrasonic vibrations have been utilized to reduce the force between tool and workpiece, leading to improved surface finish [4] .
Ultrasonic vibrations are usually applied to only one of the two contacting surfaces. The vibration direction can be perpendicular, longitudinal or transverse relative to the macroscopic sliding velocity. Each of the three directions, and combinations thereof, have been studied. For example, Pohlman and Lehfeldt [5] studied the influence of ultrasonic vibrations on friction between lubricated metal surfaces by applying vibrations in all three directions. They determined that ultrasonic vibrations reduce the internal and external friction force in plastic forming processes. Littman et al [6, 7] used a piezoelectric actuator generating vibrations at 60 kHz, making it slide longitudinally on a guide track. Bharadwaj and Dapino [8, 9] also applied longitudinal ultrasonic vibrations to investigate the dependence of friction reduction on macroscopic sliding velocity, normal load, contact stiffness, and global stiffness. Kumar [10] experimentally determined that longitudinal vibrations were more effective at reducing friction force than transverse vibrations and confirmed that the velocity ratio greatly influences the degree of friction reduction.
Popov et al [11] studied ultrasonic vibrations for different material combinations. It was shown that ultrasonic vibrations create less friction reduction on softer materials than harder ones. They argued that contact stiffness influences the degree of friction force reduction. Dong and Dapino [12, 13] used the Poisson effect to generate vibrations in combined perpendicular and longitudinal directions and studied the relationship between friction reduction and normal load, contact materials, and global stiffness. An elastic-plastic cube model was proposed to describe ultrasonic friction reduction.
There have been attempts at utilizing vibrations to reduce wear between two contacting surfaces. Chowdhury and Helali [14] developed a pin-on-disc test to examine the effects of micro vibration on wear reduction. Vibrations ranging in frequency from 0 Hz to 500 Hz were applied normal to the disc surface. They studied the correlation between wear reduction and vibration frequency, relative humidity, and sliding velocity. Their results proved that higher frequency leads to lower wear rates. Bryant and York [15, 16] did similar work using high amplitude, low frequency vibrations. They created a slider that vibrates at an amplitude of 10 to 100 μm at frequencies ranging from 10 to 100 Hz, achieving wear reduction of up to 50%.
Goto and Ashida [17, 18] conducted tests at frequencies in the ultrasonic range. Applying vibrations normal to the surface of the disc, they studied the relationship between wear rate and normal loads. Their findings show that ultrasonic vibrations can reduce wear under various normal loads. In these tests, the amplitude of the ultrasonic vibrations was 8 μm and the normal load was up to 88 N. They also studied the contact time between two surfaces while ultrasonic vibrations were applied.
It has been shown that linear speed plays an important role in the performance of ultrasonic lubrication. However, the influence of linear speed on wear reduction is not well documented. Therefore, this paper focuses on the relationship between friction and wear reduction at various linear speeds.
Experiments

Set-up
The experimental set-up used in this study is a modified pinon-disc tribometer, as shown in figure 1(a) . This tribometer applies a specified force between a still pin and a rotating disc for the purpose of studying the characteristics of friction and wear on the disc surface. The pin has been modified with the addition of a piezoelectric actuator and an acorn nut with a rounded end ( figure 1(c) ). The actuator imparts ultrasonic vibrations to the rotating disc along the direction perpendicular to the disc. The pin is held by a lever which is part of a gymbal assembly that has been installed on the frame ( figure 1(b) ). Weights connected to the gymbal assembly apply a force normal to the surface of the disc. The normal force is measured by a load sensor pad placed between the pin and the disc. The resistance of the sensor pad changes as a function of the applied force, resulting in a change of output voltage. The gymbal assembly is instrumented to measure friction forces using a load cell. The load cell is installed on one side of the assembly frame and pretensioned horizontally by a weight located on the other side. A schematic is shown in figure 2 .
The piezoelectric actuator generates vibrations with amplitude of 2.5 μm at a frequency of 22 kHz. The temperature of the actuator can increase rapidly from the heat generated and accumulated during the test. To maintain even temperatures, air flow and a thermocouple are employed to cool down the actuator and monitor the temperature, respectively. The disc is 76.2 mm (3 in.) in diameter and held in place by a lathe chuck. The chuck, which is placed on a platform, is driven by a DC motor and variable speed controller.
Parameters and schematics
Three groups of tests were conducted at linear speeds of 20.3, 40.6, and number of revolutions were kept constant by changing the duration of the test. For each speed, tests were conducted with and without ultrasonic vibrations. The remaining test parameters were fixed as shown in table 1. Friction force was sampled at a frequency of 400 Hz and each sampling window was 2 s. Typical data from a single sampling window appears in figure 3 . The observed fluctuation in friction force is attributed to stick-slip. The mean value and root mean square (RMS) value of the variation were calculated for each sampling window. A profilometer was then employed to measure the volume loss of the discs and the roughness parameters of the disc surfaces.
Procedures
Each pin-on-disc test was conducted following the procedures suggested by ASTM G99 [19] with modifications:
(a) Clean and dry the acorn nut and disc specimens immediately prior to testing. Ethanol and acetone were used to remove all foreign matter. (b) Insert the sample securely into the chuck so that the disc is perpendicular to the axis of revolution in order to minimize wobbling. 
Results and discussion
Friction without ultrasonic vibrations
Mean friction values for three linear speeds are plotted against pin travel distance in figure 4 . In each case, the friction force increases rapidly initially, reaches steady state after a certain travel distance, and remains at that level for the remainder of the test. There is fluctuation of friction force after it reaches steady state. Unlike the fluctuation observed in figure 3 , which is due to stick-slip, the fluctuation here is caused by disc runout. The disc wobbles a small amount while rotating. The inertia from the up and down pin movement causes fluctuation of the normal force, and accordingly, fluctuation of the tangential friction force. Table 2 lists the steady state friction forces, their RMS values and the stabilization distance. As expected, the intrinsic friction force (force without ultrasonic vibrations) increases as the speeds increase. For metals, the friction-speed curve has a positive slope when speeds are low and a negative slope when speeds are high [20] [21] [22] . The speeds adopted in this study are relatively low.
Friction reduction
The mean value of the measured friction force with applied ultrasonic vibrations is plotted versus sliding distance in figure 5 for three linear speeds. As with the intrinsic friction force, the measurement in each of these cases reaches steady state after the pin has traveled a certain distance over the surface of the disc. As in the previous case, the friction force fluctuates because of disc runout. However, the fluctuation amplitudes are smaller because the inertial forces on the pin are reduced when ultrasonic vibrations are present. The friction reduction percentage is defined as
where f 0 is the intrinsic friction force and f 1 is the friction force when ultrasonic vibrations are applied. The friction reduction percentages for each linear speed are plotted in figure 6 . All three linear speeds give consistent friction reduction at steady state; a lower sliding speed results in greater friction force reduction. Table 2 lists the steady-state friction forces, their RMS values, and the distances needed to reach steady state. As is the case with the intrinsic friction force, the friction force when ultrasonic vibrations are applied increases as the linear speed increases. The trend is shown in figure 7 , where the markers indicate the mean values and the error bars are the RMS of the steady state values.
It is emphasized that it takes a shorter distance for the force to stabilize when ultrasonic vibrations are applied, for the three linear speeds tested. The ultrasonic vibrations make it easier for the oxide layer of the pin and disc to break down and build up a steady contact while it takes a longer time for that to occur without ultrasonic vibrations. At the intermediate 
RMS of friction force variation
As shown in figure 3 (inset) , the instantaneous friction force fluctuates due to stick-slip. Stick is the stage when two objects stay relatively still and friction increases. Slip happens when the friction increases to such an extent that the two surfaces release to slide relative to each other. A commonly accepted explanation for stick-slip is that the effective friction coefficient varies during sliding over a range covering the static and dynamic coefficients [22] . Another cause of stick-slip can be the waviness of the surface, which results in an inconsistent effective friction coefficient [20] . In this study, the average amplitude of the stick-slip fluctuation is found from the RMS value of the measured force. This calculation is performed over consecutive 2-second boxcar windows. The RMS friction force is plotted versus travel distance for each of the tests groups without ultrasonic vibrations (figure 8) and with ultrasonic vibrations (figure 9). In both cases, the RMS values reach steady state after a certain distance is reached. Contrary to the mean values, however, it takes significantly longer for the stick-slip to stabilize when the ultrasonic vibrations are on than when they are off. The stick-slip amplitudes are nearly the same for the three speeds when the ultrasonic vibrations are absent. When the vibrations are applied, all three cases show amplitude reductions with different levels. The steady state values of friction force and distances to achieve steady state friction are presented in table 2; figure 10 shows the RMS value of friction force with the markers indicating the average value of the RMS force over the entire test and the error bars represent one standard deviation of the RMS values.
Wear reduction
The materials in this study, stainless steel and aluminum, exhibit hardnesses ranging from 700 to − 950 kg mm 2 and from 45 to 50 kg mm −2 , respectively. Due to the difference in hardness, the type of wear between them is abrasive: the harder material digs into the softer one, removing material and creating grooves [23] .
Images of the wear grooves from all test groups are shown in figure 11 . Each image shows approximately one quarter of the whole groove. It can be observed that the grooves from tests with ultrasonic vibrations (images A, C, E) appear more uneven and non-reflective than the ones without it (images B, D, F).
A 3D profilometer was employed to quantify the wear volume loss and obtain the profiles of the wear grooves along with roughness parameters of the scanned surface. Eight spots along the path of each wear ring were scanned. Each scan was conducted over an area of 1.8 mm by 2.4 mm with a scan stroke of ±100 μm. The 3D profiles of the grooves from all linear speeds are shown in figure 12 . The groove topology changes when ultrasonic vibrations are applied by becoming narrower and less smooth. This explains why the grooves appear uneven in figure 11 . Round dents are observed in B, D and F, becoming more distinct as linear speed increases. This effect is not observed without ultrasonic vibrations. The color coding representing the depth of the grooves shows that the grooves are shallower when ultrasonic vibrations are applied. In addition, the surface roughness parameters are consistently lower when ultrasonic vibrations are applied, as shown in table 3. In combination, these measurements suggest that ultrasonic vibrations reduce wear.
To quantify the degree of wear reduction, wear rate is defined as
where V is disc volume loss in mm 3 and D is the distance travelled by the pin in meters. The disc volume loss is calculated from data of groove volume obtained with the profilometer. The wear reduction percentage is defined as cases, the wear rate was found not to depend on the sliding velocity.
There is a close correlation between the observed stickslip and the topology of the grooves. The segment of the groove in figure 12(F) shows two indentations which were created by the contact between pin and disc during the stick phase. The measured distance between the two indentations is 0.869 mm. It is noted that the scale on the plane of the surface is different than the scale along the depth direction. The distance between the indentation centers can be estimated by
where Δ = t 0.01 s is the period of stick-slip (high frequency component in the inset of figure 3) . However, the individual indentations are not as evident in the other two cases because at these lower speeds the indentations overlap one another. When no ultrasonic vibrations are applied, the pin and disc make contact during both the stick and slip phases, creating little waviness along the grooves.
Scanning electron microscopy was employed to observe in detail various wear features and quantify key dimensions of wear patterns. Images (A) and (B) in figure 13 were taken of the grooves created without and with ultrasonic vibrations at a speed of − 87 mm s 1 , respectively. The wear pattern without ultrasonic vibrations shows a uniform shade of gray and straight white lines, while the one with ultrasonic vibrations has curved white lines and various darker irregularities. Image (C) shows a magnified view of the groove in image (B). The groove surface includes voids (black), deposits of foreign materials from the pin (gray), and oxide layers (white), which are marked with triangular, rectangular, and circular shapes, respectively. The white dotted lines are the traces of the contact points between pin and disc asperities. Image (D) shows a close-up of those lines. The visible white dots are attributed to a punching action of the pin on the disc as the piezoelectric actuator cyclically increases and decreases the contact pressure between the two. The nominal distance between the dots is measured as 3.6 μm, which is close to the value of 3.9 μm calculated from the ratio of linear speed and frequency of ultrasonic vibrations. It is proposed that the contact between the pin and disc takes place only on groups of asperities instead of the whole nominal area of contact. This observation motivates one of the assumptions made to develop the cube model for wear, explained in the following section.
Discussion
The measurements indicate that ultrasonic vibrations are effective in reducing friction, stick-slip, and wear at all three linear speeds (see figure 14) .
With increasing speed, the degree of friction reduction decreases from 62.2% for . A similar observation was reported by Littmann et al [6] , who studied the relationship between velocity ratio and friction ratio by applying ultrasonic vibrations along the direction of the macroscopic speed. In their study, the velocity ratio was defined as the macroscopic velocity over the propagation speed of the ultrasonic waves. The friction ratio was defined as the friction force with ultrasonic vibrations over friction force without ultrasonic vibrations. It was proposed that a small velocity ratio leads to a low friction ratio, and hence effective friction reduction. As the velocity ratio increases, so does the friction ratio until a value of 1 is achieved and no further benefit from the ultrasonic vibrations is possible. Therefore, an increase in sliding velocity moves the system towards a friction ration of 1 and reduces the effectiveness of the ultrasonic vibrations. Conversely, to maintain high friction reduction for high sliding velocities, a high vibration frequency is necessary. Due to the nature of piezoelectricity, achieving high frequency of operation requires an actuator capable of high output power.
Pohlman and Lehfeldt [5] conducted similar ball-on-disc experiments by applying ultrasonic vibrations collinear, transverse, and normal to the macroscopic sliding velocity. Molykote was used to lubricate the interface. In those experiments, ultrasonic vibrations change the lubrication regime by changing the relative sliding velocity. They achieved friction reduction by applying the vibrations inplane (tangential and transverse) because that is the most effective way to change the relative velocity. In our experiments, ultrasonic vibrations change the contact stiffness. We achieve friction reduction when applying the vibrations normal to the disc because it is effective to change the contact stiffness that way. Pohlman and Lehfeldt did not achieve friction reduction in the normal direction because the lubricant prevents an intimate contact between the two surfaces, which leads to little or no change in the contact stiffness when ultrasonic vibrations are applied.
In our measurements, wear reduction varies over a narrow range with changing linear speed (45.8%-48.6%). Surprisingly, a higher velocity results in a slightly higher wear reduction. One explanation is that as speed increases the actual contact between the pin and the disc decreases. Studies showed that when the amplitude of ultrasonic vibrations is large enough, the contact time between two sliding surfaces is reduced as one surface moves away from the other [17, 18] . Assuming that the pin makes one contact with the disc and then moves away from it in one cycle of ultrasonic vibration, the number of contacts between the disc and the pin over the duration of a test can therefore be estimated. These values are presented in table 4 . The relationship between stick-slip reduction and linear speed does not follow the same trend. As shown in figure 14 , the percentage reduction of stick-slip first increases with linear speed and then decreases. It has been shown that the amplitude of vibration caused by stick-slip is related to the stiffness and damping of the system and that increasing the stiffness can greatly reduce the amplitude of vibration [20] . The reason is that stick-slip can be considered as an excitation to the system, and linear speeds in addition to the waviness of the surface can change the frequency of the excitation. At certain speeds, the system is excited at its resonance frequency, which results in a magnification of the stick-slip vibration. The system resonance frequency can be increased if the system is stiffer. Therefore, the possibility of magnifying the vibration is reduced when the surfaces slide at the same range of speeds [26] .
Cube model for wear reduction
A 'cube' model was initially proposed by Dong and Dapino [13] for ultrasonic friction reduction. The model is built on the assumption that the contact between two surfaces sliding relative to each other takes place only on the asperities, which deform elastically and plastically. The height of the asperities is assumed to follow the distribution
z where z is the distance between the asperity summit and the mean height of asperities. Here, c = 17 and λ = 3 are parameters used to shape the distribution [27] . A cube is employed to represent the asperities in contact. The height of the cube d is equal to the distance between the two surfaces in contact. The normal force F n is the sum of the elastic force F e and the plastic force F p , which are functions of d,
n e p
The cube height d corresponding to a normal load F n is calculated using [13] β λ π λω λω λω 
where β is the roughness parameter (β η = R R q s ), η is the areal density of asperities, A n is the nominal contact area, R q is the standard deviation of surface roughness, R s is the average radius of asperity summits, ν is the Poisson ratio, erf is the error fuction 
Parameter ω c is the critical interference, defined as the threshold asperity height separating elastic and plastic deformations, which is calculated as The top area of the cube is equal to the actual contact area between the two surfaces:
where A e is the actual contact area of elastically deformed asperities and A p is that of the plastically deformed asperities. These areas are given by [13] πβ and
Based on the cube concept, a description for ultrasonic wear reduction is proposed. It can be seen in figure 15 that as the top surface moves along the bottom surface, contact asperity pairs deform and break, bringing new asperities into contact. As addressed previously, wear in this study is abrasive in nature due to the fact that stainless steel is much harder than aluminum. Breakage of the contacting asperity pairs is assumed to take place at the roots of the asperities of the softer material, i.e. the aluminum disc. The broken asperities correspond to half of the cubeʼs volume; this removed volume accounts for abrasive wear in the aluminum disc. When ultrasonic vibrations are applied, the contact between the two surfaces is reduced resulting in a reduction of wear.
An approach to quantify wear reduction is illustrated in figure 16 . The geometry considered is that of the stainless steel acorn nut used in the experiments as it slides relative to the aluminum disc. Over the sliding distance D, the total volume of material removed is calculated as
r where V is the volume loss of the aluminum disc, A r is the actual area of contact between the two surfaces, and d is the height of the cube. Distance D can be calculated from the nominal area A n as
n When ultrasonic vibrations are applied, the acorn nut vibrates in the direction perpendicular to the disc surface. The contact area and the separation between the two surfaces change accordingly. We denote ′ A r the area of the top of the cube and ′ d the height of the cube when ultrasonic vibrations are applied. The volume loss of the aluminum disc over the sliding distance D is
where T is the period of ultrasonic vibrations, ′ A r is the timedependent actual area of contact when ultrasonic vibrations are applied, and ′ d is the time-dependent height of the cube. The wear rate is calculated as
T r
0
The parameters used to perform these calculates are listed in table 5. A comparison between the experimental data and the model calculations with and without ultrasonic vibrations is shown in table 6. The calculation errors are consistently smaller than 15%.
Concluding remarks
In this study, a modified pin-on-disc tribometer was built for investigating the effect of ultrasonic vibrations on friction and abrasive wear between stainless steel pins and aluminum discs under a normal load of 3 N. Ultrasonic vibrations generated by a piezoelectric actuator had an amplitude of 2. The friction measurements show that ultrasonic vibrations reduce the effective friction force up to 62%. Consistent with previous studies, the benefit of ultrasonic vibrations diminishes with increasing speed, though 29% friction force reduction was still achieved at stiffness, surface roughness, and materials hardness are known to participate in ultrasonic lubrication. Those parameters will be the subject of a future study. Further, characterization of ultrasonic lubrication will be performed at higher speeds and normal pressures. According to theory, higher ultrasonic power is required to achieve the same degree of ultrasonic lubrication achieved at lower speeds and pressures.
The wear measurements show a consistent reduction in volume loss of up to 49%, with little dependency on velocity at the speeds considered. A slight increase in the effectiveness of wear reduction at − 87 mm s 1 is attributed to a decrease in the number of contacts over the duration of the test. The SEM images of wear grooves show abrasive mode with small scale features located 3.6 μm apart that appear to be created by a punching action of the pin as it vibrates at 22 kHz over the surface of the disc. Larger scale indentations located approximately 0.9 mm apart appear to be created by stick-slip at a frequency of approximately 100 Hz. The measurements show that stick-slip amplitudes decrease up to 61% when ultrasonic vibrations are applied. However, no clear trend is found in the relationship between stick-slip reduction and linear speeds. Future work will focus on the relationship between system stiffness and stick-slip amplitudes.
A simple cube model previously developed to quantify friction force reduction was implemented to describe the wear measurements conducted in this study. Without fundamental modifications, the model describes wear reduction within 15% of the experimental data. 
